Abstract: Gasifier operation is an intricate process because of the complex relationship between slag chemistry and temperature, limitations of feedstock materials, and operational preference. High gasification temperatures increase refractory degradation, while low gasification temperatures can lead to slag buildup on the gasifier sidewall or exit, either of which are problematic during operation. Maximizing refractory service life and gasifier performance require finding an optimized operating temperature range which is a function of the coal slag chemistry and viscosity. Gasifier operators typically use a slag's viscosity-temperature relationship and/or ash-fusion fluid temperature to determine the gasification temperature range. NETL has built a slag management toolset to determine the optimal temperature range for gasification of a carbon feedstock. This toolset is based on a viscosity database containing experimental data, and a number of models used to predict slag viscosity as a function of composition and temperature. Gasifier users typically have no scientific basis for selecting an operational temperature range for gasification, instead using experience to select operational conditions. The use of the toolset presented in this paper provides a basis for estimating or modifying carbon feedstock slags generated from ash impurities in carbon feedstock.
Introduction

Gasifier operation
Gasification is an efficient commercial process to convert carbonaceous materials, water and oxygen into steam, carbon monoxide, and hydrogen in a high pressure and high temperature reaction vessel (gasifier). In an entrained flow slagging gasifier, non-volatile mineral impurities in the carbon feedstock are liquefied at the high temperatures used in gasification, forming corrosive slags that flow from the gasifier. The slag attacks the high Cr 2 O 3 refractory linings used to insulate and protect the steel gasification chamber from the harsh operating conditions in gasification. Slagging gasifiers are typically operated at temperatures between 1,300 and 1,550°C, at pressures of 2.75 MPa (400 psi) or higher, and with a mass flow rate of the molten slag exceeding 10 tons/hour [1, 2] . The corrosion rate of refractory can be minimized if optimized slag composition and operating temperature can be predicted and achieved. Gasifier operators determine operating temperature by using ash fusion temperature and viscosity characteristics of the ash. The ideal operating temperature should be high enough to allow slag to flow from the gasification chamber between 100 and 250 poises (P), yet at a low enough temperature to minimize refractory corrosion. Refractory service life can be improved if the gasifier operating temperature is lower than the slag liquidus temperature. Slag liquidus temperature is defined as the least temperature is used to completely melt a slag. Slag liquidus temperature, ash fusion temperature, and viscosity characteristics of the ash are dependent on the slag composition. Slag users always use T 250 , and T 100 terms representing temperatures at which slag viscosity are 250 and 100 poises separately.
Coal slag chemistry
The chemical composition of coal slags varies extensively, and is dependent on the coal source and efforts made by the coal producer to clean the coal. In general, 90 % of the mineral component of a coal ash slag consists of oxides of silicon, aluminum, iron, and calcium [3] . Minor constituents such as magnesium, potassium, sodium, titanium, and sulfur account for about 8 % of the remaining minerals; while trace constituents such as arsenic, cadmium, lead, mercury, and selenium make up less than 1 % of the total composition. Table 1 summarizes the average, maximum, and minimum oxide content of US coal slags in weight percent [4] .
Using Lux and Flood's definition of acid-base properties for oxides, the silica present in coal slags is acidic [5] . Basic oxides such as Na 2 O, CaO, MgO, K 2 O and FeO tend to react with silica; leading to lowered melting points and thinner slags. Therefore, the ratio of the amount of SiO 2 to the total amount of basic oxides is an important indication of for the liquidus temperature and slag viscosity. In general, most coal slags are high in SiO 2 , and are therefore acidic. An empirical silica viscosity model using the silica ratio (SiO 2 /base oxides) was developed to predict coal slag viscosity. 3 and FeO content in a slag promote the formation of a spinel primary phase. Lower Al 2 O 3 content with high CaO leads to the formation of slags with anorthite as their primary phase, resulting in a slag with a low liquidus temperature. Ideal gasifier coal slags should have a liquidus temperatures higher than T 100 ; moreover, the temperature difference between the two (T 100 and the liquidus temperature) should be large enough to allow for easy control of the temperature (and thus viscosity) during gasification. The phase diagram for Al 2 O 3 and Cr 2 O 3 used in refractories to line the gasifier show complete solubility to form a high temperature solid solution; while, CaO (from slag) and Cr 2 O 3 interact to form a low melting slag [6] . Therefore, slags containing high amount of CaO or other alkali oxides and low quantities of Al 2 O 3 will attack Cr 2 O 3 refractory, leading to premature refractory failure. This highlights the importance of controlling slag chemistry for both refractory wear and for viscosity -one influences the other.
The structure of coal slag has a direct relationship with its flow properties (T 100 , T 250 , Tcv, and ash fluid temperature) and constituent. . The degree of de-polymerization of the Si-O bonds in coal slags can be characterized by the ratio of non-bridging oxygen atom to the number of tetrahedrallycoordinated atoms (NBO/T) [7] . In general, higher index values result in lower viscosity coal slag.
Coal slag can be characterized by the value of optical basicity. Duffy and Ingram [8] noted that the shifts in frequency of the absorption band associated with the 6s -6p transaction in the ultraviolet region of the spectrum are related to the basicity of a glass or slags. They also reported that the values of the optical basicity of various oxides could be calculated from Pauling electronegativity. The optical basicity for a slag (Λ) can be derived using the following equation:
Where X: atomic percentage; N: the number of oxygen atoms in the molecular; for example, 3 for Al 2 O 3; Λth 1 : value of the optical basicity of the oxide 1 Optical basicity gives a measure of the "availability" of free oxygen ions in the slags and an indication of the degree of polymerization of the melts [9] , Mills and Sridhar [10] developed a National Physical Laboratory (NPR) slag viscosity model based on experimental data and suggested slag viscosity has a closely relationship with its optical basicity. Shankar [11] also proposed a model predicting slag viscosity for high alumina blast furnace slags by utilizing the optical basicity index.
Coal slags may contain solids during gasification, which are dependent upon slag chemistry and the operation temperature. The presence of solid phases in the gasifier slag affects the flowability of coal slag. Many models predicted the impact of solid fraction on slag viscosity [12] , with all indicating that the increasing solid fraction of a slag will exponentially increase its apparent viscosity. The liquidus temperature, a function of the slag composition, determines whether solids are present at the operating temperature. In general, a gasifier refractory will last longer if the operating temperature is under the liquidus temperature. Below the liquidus Table 1 : The composition range of US coal slag constituents in weight percent [4] . indicating that the coal slag should not severely attack the gasifier lining. In the meantime, the coal slag viscosity at the designed operating temperature has to satisfy the gasifier operator's specifications.
Viscosity measurements and their experimental error
Viscosity is a measurement indicating the internal friction of a fluid. The ease of molten coal ash slag flow from an entrained flow gasifier depends greatly on slag viscosity. Coal slag viscosity measurements are typically made using rotational bob viscometers [7] . Molten slags can exhibit Newtonian or nonNewtonian flow behavior. The viscosity of a Newtonian fluid is independent of shear rate, while, the viscosity of non-Newtonian fluids changes as a function of shear rate and time; therefore, viscosity measurements of a typical non-Newtonian fluid can be considered accurate only when these experimental parameters are accounted for and reported. Depending on coal slag composition and testing temperature, coal slags typically behave as Newtonian fluids at high temperature and undergo a transition to non-Newtonian flow when solids precipitate in the slag at the lower end of the operating temperature range (generally, below Tcv). Tcv is called critical viscosity temperature. The viscosity of coal slags increase tremendously below Tcv because a large amount of solid phases crystallize from slags.
Slag viscosity measurements from different laboratories have been found to vary by more than 50 % around the interlab average [13] . Many factors can contribute these experimental uncertainties in viscosity measurements, including: 1) Changes in the composition of the slag due to reactions between the slag and the container [14] Containment and spindle materials are needed to measure slag viscosity, materials which may interact with the slag. A platinum spindle and crucible, for example, can reduce FeO in the slag to metallic iron and form Pt-Fe alloys, changing the slag chemistry. If a high alumina spindle and crucible are used for measurements, slag can react with the alumina during testing, increasing Al 2 O 3 content in the slag. It is important to remember that each container and spindle material will react with molten slag in its own way.
2) Uncertainty in slag temperature measurement
The placement of control and/or sensing thermocouples in high-temperature viscometers vary considerably as a function of instrument design and human factors. The slag temperature should be calibrated to ensure that the reported temperature is accurate (required in standard testing procedures such as ASTM C965-96 [15] ). It has been observed in our NETL laboratory that the T 100 value of a slag could be off by 60°C or even more if the slag temperature measurement was not calibrated. 3) Discrepancy in heating and cooling rate and holding time during tests ASTM C965-96 describes a standard practice for measuring glass viscosity above the softening point. It suggested that the glass should be heated in the test viscosity furnace to a temperature allowing trapped air bubbles to be released, but avoiding re-bubbling at higher temperatures. However, the suitable temperature range was not specified. In addition, it recommends that data reading should be taken in a steady-state measurement on cooling or heating, but it doesn't specify the cooling/heating rate or hold time before measurement at taken. Therefore, experimental uncertainties in viscosity measurements may be impacted by the testing procedures because the reaction rate between slag and container may be different when test parameters are changed. 4) Discrepancy in rotational speed of spindle As previously mentioned, the viscosity of nonNewtonian fluid may change as a function of shear rate. Some researchers reported an apparent slag viscosity curve as a function of temperature without recognition of non-Newtonian flow below Tcv. This is a significant source of uncertainty, depending on the coal slag composition and the temperature.
Many experimental variables play a role in establishing a relationship between temperature and the viscosity relationship of a slag. Modeling of non-Newtonian coal ash slag flow is a complex problem, and requires further study.
2 Modeling procedures Figure 1 shows the modeling procedure followed in this study. First, slag viscosity and slag fusion temperatures were collected and assembled into a database. The NETL slag viscosity database contains 262 experimental records collected from public literature, while the slag fluid temperature database contains around 2,000 records extracted from the USGS CoalQual database [4] . These slag compositions were used as the starting point for calculating corresponding liquidus temperatures using the FactSage™ (version 6.4) thermodynamic program [16] . Results from these calculations were then collected into a database of liquidus temperatures. The viscosity database was used to evaluate the prediction performance of several empirical models and the FactSage slag viscosity module. In addition, viscosity, fluid temperature, and liquidus temperature databases were used to build similarity and neural network models.
A slag management toolset was developed by MS VB. net (VB 10.0) to suggest an operating temperature of a gasifier from the prediction result of T 100 , T 250 , fluid, and liquidus temperatures by using a NETL developed concept of similarity and neural network models. The slag management tool set is not a black box -it allows users to review the reference records, yields detailed information about each model's prediction performance, explains some of the terminology, adopts users' database and allows advanced users to adjust predictions. In this paper, the discussion focuses only similarity, FactSage™, and empirical models on the prediction of slag viscosity.
Viscosity models
Many empirical viscosity models have been published in the open literature, each based on their own experimental data and regression analysis. Most are accurate in a narrow range for the results being evaluated, but are not usable outside the range of the experimental data they were developed using. Coal have a wide range of mineral constituents, depending on where they are located, giving a wide range of chemistries, as indicated by the standard deviation in Table 1 , and will therefore have a wide range of operating temperatures. Since no single model has good predictions for every coal slag composition; the widely used models of Browning, Urbain, Kalmanovitch, silica ratio, Riboud, and Watt-Fereday empirical models [17] [18] [19] [20] [21] were selected for the investigation of their prediction performance. An experimental slag viscosity database was built by extracting data from charts or tables published in the literature or in reports. The predicted slag viscosities of these empirical models were then compared with the slag viscosity database which contains 262 slag viscosity curves. FactSage TM 's viscosity module predictions based on slag chemistry directly relate a slag's viscosity to the structure of the melt, and the structure in turn is calculated from the thermodynamic description of the melt using the Modified Quasichemical Model [22] . The FactSage™ model requires very few parameters which were optimized to fit the experimental data for pure oxides and selected binary and ternary systems. The viscosities of multicomponent melts and glasses are then predicted by the model within experimental error limits without using any additional parameters [22] .
Four similarity modeling versions were developed to predict slag viscosity based on the initial assumption that similar slag should have similar physical properties. Factsage™ and empirical slag viscosity models were used mathematic regression methods to fit data, however, similarity models as developed by NELT do not use any regression method. They use a large database, with predictions made based on data from similar sample chemistries and physical properties in the database and expert's knowledge which was briefly discussed in the introduction session.
Similarity models simulate expert's logic thinking and observations. Four similarity modeling versions were evolved during research for improving predictions and their algorithm and procedures are briefly discussed as follows: 1) Similar slags should have similar physical properties:
Find a similar slag, and then predict a temperature at a specific viscosity from a known calculated knowledge base. 2) Slag having similar physical properties should be similar: Rank the temperatures at a specific constant viscosity, then determine the best fit regions, using three consecutive samples, for predicting the temperature at a specific constant viscosity. The term of "regional" was used here in order to distinguish the "individual" best fit in version 1 3) A good prediction should be from similar slag with similar properties: Rank the temperature at a specific constant viscosity; find nearby samples in terms of slag chemistry, then find the best fit region for predicting the temperature at a specific constant viscosity. 3 + ) Similar to version 3, however, more similarity indexes, such as silica ratio, optical basicity and NBO/T, were used and the definition of "regional" was modified by a temperature range (three best fit samples within 50°C), not a group of three consecutive samples. The range of temperatures at a specific constant viscosity from three consecutive samples in version 2 and 3 can be any values.
Given the experimental uncertainty and errors during slag viscosity measurements, a group "regional" fit within a reasonable temperature range was adopted rather than the individual "best" fit. A regional fit means that three best fit reference samples were selected for making prediction within a range of 50°C (version 3 + ) and the best fit regional reference samples were used to yield predictions. The prediction performance was improved using this approach compared with a simple look-up of the "best" fit In order to know the prediction performance of similarity models, a single (target) sample was selected from the 262 slag database curves. This data set related to the target sample was treated as unknown and the remaining (261) records from other samples were used to make a prediction for the target sample. By this way, the accuracy of each model was computed after multiple calculations by the performance index which will be discussed later. Samples which their physical properties were used predicting the target sample's properties are called as reference samples in this paper.
Gasifier users are interested and need an accurate and reliable model to predict slag viscosity. It is, however, impossible to know which model is reliable without extensive testing. In addition, the size of a database impacts the accuracy of a model when predicting slag viscosity. In general, larger databases give better accuracy when using the similarity model. High temperature viscosity measurements are both time and resource intensive -a large investment must be made in order to build a reasonably sized database that gives accurate predictions. Since the similarity model use database approach, the database can be adapted to include data from a specific gasifier user if they wish to keep information proprietary.
Similarity indexes
Similarity indexes were used to define the difference between two samples on physical properties or chemistry.
All similarity indexes were used in this toolset because literatures suggested them related to slag viscosity and were briefly discussed in the introduction session. The formulas of these indexes are shown as follow. As previously mentioned, these similarity indexes were used for the selection of three best regional reference samples. The viscosity properties (such as T 50 , T 100 , T 250 …) of these three reference samples were used to predict the viscosity properties of the target sample. The effects of these similarity indexes on prediction performance were also studied.
Chemical similarity index
As previously mentioned, coal slag consists of 10 oxides which categorized as acidic, amphoteric, and basic oxides with various roles affecting slag viscosity. Therefore, a simplified slag chemical similarity index was defined by the following equation: 
Optical basicity index
As previously mentioned, the optical basicity of a slag is closely related to its viscosity and the optical basicity can be calculated by eq. (1). Table 2 lists the value of optical basicity for oxides which were used to calculate the optical basicity of a slag.
Silica ratio index
Following the concept of silica ratio model [21] , the silica ratio was defined by the following equation Table 2 : Values of optical basicity for various oxides used to calculate the optical basicity of slags [7] .
NBO/T index
The definition of NBO/T was discussed previously and it can be calculated by the following procedures [7] 1) Calculate mole fractions of various constituents such as X SiO2 , X Al2O3 , and X CaO 2) Calculate network formers
3) Determine total charge of network-breaking cation Y 1 NB 
SiO 2 level index
Robert C. Streeter [23] proposed methods predicting slag viscosity by subdividing coal slags as three groups according to their SiO 2 content. Streeter suggested that the silica ratio of the slag is the dominating factor affecting high-silica slag viscosity. On the other hand, the ratio of CaO to modifiers is the critical factor for low-silica slags the correlating term is. The amount of amphoteric oxides plays an important role for intermediate-silica slags. A similarity index, following the Streeter's conception, was selected based on target sample's silica content as follows. The indexes of chemical similarity, optical basicity, silica ratio, NBO/T, and SiO 2 level generate were used to define the similarity between reference and target samples. These indexes have been used by researchers who study coal slags. For clarification, an example demonstrates the similarity version 3 + model's procedures of predicting T 100
value for a target sample as follow. 1) Rank databases by the value of T 100 . By this way, we can know how much similarity between two samples in terms of T 100 ; 2) select nearby reference samples in terms of slag chemistry; 3) extract T 100 value of nearby reference samples from databases; 4) calculate similarity indexes (such as chemical similarity index, silica ratio, optical basicity, NBO/T and SiO 2 level index) for all nearby reference samples; 5) find the best fit three regional reference samples; 6) extract out information, T 100 , of these best fit samples from database; 7) average their T 100 values; 8) output the average value as the prediction T 100 value for the target sample.
Other properties, such as T 50 , T 150 , T 200 , .. , T 500 , liquidus temperature, and fluid temperature, of a target sample can be predicted by using above similar procedures. Good prediction performance of the similarity model is expected since the best fit three regional reference samples are nearby and have key similar chemical and physical properties (chemical, silica ratio, optical basicity and NBO/T) as the target sample. Similarity model relies on databases and expert's knowledge and can make direct prediction without studying slag structure (such as quasichemical models) or doing regression fitting for each slag oxide effects (such as empirical models) because similar involved mechanisms on slag viscosity already reflect in reference samples as the target one.
The error index (The prediction performance index of models)
In order to know which model performs best, an error index was used to define the model's accuracy in°C.
Where: N = Number of calculation times; T = Temperature (°C) at 50-500 P with a step increment of 50 P (P: poise); Exp = Experiment value; Model = Prediction value; V = Constant viscosity The number of calculations (N) was used because each record may not contain complete slag viscosity measurements from 50 to 500 poises (P). Note that the error index calculated is for only for viscosity predictions for a sample between 50 to 500 P. The slag viscosity database has 262 records; therefore, the distribution of prediction error for 262 slags by models will be presented by following tables (Tables 3 and 5 ). The above performance index was designed so users will easily understand the average errors made in predicting the temperature where a specific viscosity for a slag composition is predicted to occur.
Results and discussions
The performance of empirical and
FactSage models Table 3 shows the results of performance index for six empirical and FactSage™'s modified quasichemical models. This table indicated the silica ratio model has a 52.3 % chance of making good prediction within 40°C from an experimentally measured value for a given ash chemistry, while the Kalmanovitch model has about a 45 % chance of being ± 40°C. This table indicated that the silica ratio and Kalmanovitch models made the most accurate predictions. Factors influencing accuracy include experimental measurement errors, the complexity of slag chemistry, the solid content in slags, and the modeling itself. Most models followed either the Arrhenius or Weymann-Frenkel equations [19] by using regression methods to find the best equations or parameters yielding the smallest error for the data of their studied samples. These equations or parameters may be modified by different studied samples from other researchers. Result from these empirical models cannot detect the violation of some basic rules of slag science presenting the risk of using these mathematical models.
The performance of NETL similarity models
As previously mentioned, NETL similarity version 3 + model used many similarity indexes, such as chemical similarity, NBO/T, optical basicity, silica ratio, and silica level, to select three regional similar samples from a group of nearby samples. Effects of these similarity indexes on the prediction performance were studied, verified, and adopted. Table 4 shows that the percentage of 
good prediction from various similarity indexes. Here good prediction means that the prediction error, from eq. (6), is less than 40°C. This table indicates that the chemical similarity index (regional) yielded the best prediction. The index of silica ratio also yielded good prediction in the region of lower viscosity (T 50 -T 200 ), while, the index of optical basicity did best in the region of median viscosity (T 250 -T 400 ). In addition, indexes of chemical, optical basicity, and NBOT performed very well in the region of high viscosity (T 450 -T 500 ). Therefore, the following eqs (7), (8) , and (9) were used to make predictions for the version of 3 + . 
For T 250 , T 300 , T 350 and T 400
For T 450 and T 500
Where T chem : Predicted temperature by using the chemical similarity index for a slag at a specific viscosity (such as T 50 ..T 150 ..T 500 ); T SR : Predicted temperature by using the silica ratio index for a slag at a specific viscosity; T OB : Predicted temperature by using the optical basicity index for a slag at a specific viscosity; T NBOT : Predicted temperature by using the NBO/T index for a slag at a specific viscosity. Table 5 indicates that version 3 + provided a significant improvement on prediction comparing the best of empirical models and these improvements were contributed by adopting the consideration of slag science.
A slag management system was built based on above research results with a goal of providing gasifier users a toolset optimizing the operating temperature, adjusting their slag composition and finding blending formula for different feedstocks and fluxants. The toolset features experimental-based databases, the ability to extend the database from user data, information transparent which users are allowed reviewing records from reference samples, user friendly, and user control. This toolset is undergoing performance evaluation at a commercial gasifier site. Public release of the toolset is planned.
Conclusions
A viscosity database which contains 262 experimental records was assembled from published literature and used to evaluate 6 empirical models and a modified quasichemical model. No existing viscosity models were found that accurately predicted temperature at a given slag viscosity from 50 to 500 poises. A similarity model was developed by NETL that uses that increases the likelihood of an accurate viscosity prediction over existing viscosity models that is based on slag chemistry. Results showed that similarity models yielded better prediction than empirical models or the modified quasichemical model because similarity models followed basic rules of slag science. A slag management toolset was developed to improve slag viscosity predictions during gasification. Predictions are made of T 100 , T 250 , fluid temperature, and liquidus temperature. The toolset features experimental-based databases, the ability to extend the database from user data, transparent information, user friendly, and user control.
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